We study the effects of hydrostatic pressures on deuterated ND 4 D 2 PO 4 type antiferroelectric crystals. Within the four-particle cluster approximation the free energy of the crystals is calculated, and an equation for the transition temperature and explicit expressions for static dielectric permittivities of the crystals are derived. Model pressure dependences of the effective dipole moments of unit cells are proposed. Some peculiarities of the dipole moment formation in these hydrogen bonded crystals are elucidated. In particular, we show the importance of mutual polarization of the dipole moments. The theory parameters providing a satisfactory description of the experimental data for pressure dependences of transition temperature and dielectric characteristics of the considered crystals are found.
Introduction
Ammonium dihydrogen phosphate NH 4 H 2 PO 4 (ADP) and ammonium dihydrogen arsenate NH 4 H 2 AsO 4 (ADA) are those members of the KH 2 PO 4 family of hydrogen bonded crystals which undergo antiferroelectric phase transitions, and it is still not clear what is the origin of this phase transition: Is it triggered by the ordering of protons on hydrogen bonds 1{5], or are the whole H 2 PO 4 groups ordering units 6, 7] ?
High pressure studies are a tool which can shed some light on this problem, in particular, give some information about the role of hydrogen bonds and especially of their geometric parameters in the phase transition and a polarization mechanism in crystals.
Experimentally, the in uence of external pressure on these crystals is studied much less than on ferroelectric representatives of the family. However, it is known that transition temperature T N in NH 4 AsO 4 decreases with pressure in the paraelectric phase and slightly increases in the antiferroelectric phase 9, 10] . It should be noted that in arsenates this decrease in " 1 at T > T N is fairly fast (in the deuterated form faster than in the undeuterated one).
The in uence of pressure on the crystal structure of the KH 2 PO 4 family of antiferroelectrics has almost not been studied. However, it is known that the transition temperature in NH 4 In the present paper we slightly change the model (namely, in the way we model the pressure dependence of the Slater energies) and propose a new simple way to describe the polarization processes in antiferroelectric crystals. These changes allow us to describe the experiment for the pressure dependences of dielectric characteristics of a ND 4 D 2 AsO 4 crystal 1 9], reduce the number of free parameters and to reproduce within the proton ordering model the universality of the transition temperature vs H-site distance dependence in several crystals of this family 12{14].
The model of strained DADP type antiferroelectrics
We consider a system of deuterons moving on hydrogen O-D. . . O bonds in the ND 4 D 2 PO 4 type crystals to which an external hydrostatic pressure and electric eld E i (i = 1; 2; 3) along one of the crystallographic axis a, b, c are applied.
The calculations are performed within the four-particle cluster approximation which allows one to take into account the strong short-range correlations between deuterons adequately. The four-particle cluster Hamiltonian of such a system, with the e ective long-range interactions (dipole-dipole as well as indirect deuterondeuteron interactions via lattice vibrations) taken into account in the mean eld approximation, reads 21, 22] : 
The in uence of external pressure on the considered system is modelled on the basis of the ideas of 23, 24] 
Here S = S 11 + 2S 12 + 2S 13 + S 22 + 2S 23 + S 33 ; S ij are the elastic compliances of the crystals. To avoid an explicit dependence of the Hamiltonian on pressure p, we express the latter in terms of the resulting strain where the averages 
where f is the free energy of a crystal when no electric eld is applied is a contribution of the deuteron subsystem to crystal elasticity. Since determination of this contribution lies beyond the scope of the present paper, we may safely consider instead of (9) (10) where c ij are elastic constants of the whole crystal, being determined from an experiment.
The temperature of the rst order phase transition is found from the following condition for the values of thermodynamic potential g( ; T; p) = f + v P i " i p i g( ; T N ; p) = g(0; T N ; p); (11) the order parameter and lattice strains obeying the system (10).
Dielectric properties of strained DADP type antiferroelectrics
It is assumed that the polarization of a crystal is triggered by the deuteron ordering, therefore,
Di erent from the zero macroscopic polarization of antiferroelectric crystals is determined by those parts of the mean values of quasispins which are induced by the external electric eld 
where we use the notations 
Let us note that in the paraelectric phase at ambient pressure and at w; w 1 ! 1, 
In our earlier work 21,22] we used (17) and (18) to predict the possible pressure dependences of dielectric permittivities of ND 4 D 2 PO 4 , for which no experimental results were available; at that moment we were not aware of the data for ND 4 D 2 AsO 4 9]. However, our later numerical calculations showed that for ND 4 D 2 AsO 4 (to which large dipole moments and rapid changes in dielectric permittivity with external pressure are particular 9]), expressions (17) and (18) do not yield a good description of experimental data, though qualitatively the behaviour of dielectric permittivity with pressure is reproduced. We believe that in this case in order to improve an agreement with the experimental data, as an additional mechanism of dipole moment formation, one should take into account mutual polarization of the dipoles created by the deuteron ordering.
We estimate the contribution of this mechanism to the pressure dependence of the dipole moment from the following speculations.
Consider a simple model of a polarized lattice, when each unit cell possesses a dipole moment, whose size is much less than the distances between the dipoles (the distances between the nearest dipoles are the lattice constants a and c). Up to the terms linear in the external eld, the transverse polarization of an antiferroelectric crystal (naturally, induced by this external eld) reads:
where (see (13) (21) (^ is the polarizability tensor, n ij is the unit vector directed from the dipole d j to d i ; R ij is the distance between these dipoles). We neglect a niteness of the crystal volume, and assume that all the dipoles, as well as the eld created by them, are oriented along the external eld E 01 . Then the internal eld is 
a, b, c are lattice constants; n 1 , n 2 , n 3 are numerals, and n (23) and (19) 
where 0 1 is the e ective dipole moment of a unit cell at ambient pressure. The dielectric permittivity should be determined as a derivative of polarization with respect to the complete eld E 1 = E 01 +d 1 K 1 = E 01 =(1? 1 K 1 ). Then, instead of (13) (25) Let us mention that the di erence between (13) and (25) is larger, the stronger the crystal lattice di ers from the cubic one; at a = c, K 1 0.
Similarly, for a longitudinal susceptibility we obtain 3 The di erences between k f 1 and k f 3 , calculated from (17) and (24), and from (18) and (27) , respectively, are more signi cant, the larger e ective dipole moments i are. Since the longitudinal moments of ferroelectrics KD 2 PO 4 and RbD 2 PO 4 are comparatively small, their pressure dependences calculated from (18) and (27) practically coincide. The main contribution to these dependences results from the term 1
, that is, they are determined by the pressure changes in the D-site distances, whereas the mutual polarization of dipoles is unimportant here.
Numerical analysis
With the help of the presented theory we are going to describe the e ects of hydrostatic pressure in highly deuterated antiferroelectric crystals ND 4 D 2 PO 4 and ND 4 D 2 AsO 4 .
For a numerical estimate of the temperature and pressure dependences of the calculated above physical characteristics of the crystals, we need to set the values of the following parameters:
Slater energies " The deformation potentials ij , aj (k Z ), aj (0) and cj (0), as well as parameter 1 = 0 are determined by tting the theoretical results for the pressure dependence of the transition temperature of the crystals to the corresponding experimental data 2 . As our calculations show, the deformation potentials ij can be safely put equal to zero. This means that the contribution of the lattice strains to the pressure dependence of the Slater energies is negligibly small, and the latter results mainly from the pressure changes in the D-site distance .
However, that is not the case for the parameters of long-range interactions. Here we have to set the values of the deformation potentials aj (k Z ), aj (0), and cj (0). The aj (k Z ) enter the equation for order parameter (9) , whereas the aj (0), and cj (0) occur only in expressions for dielectric permittivities.
We tried to set the values of aj (k Z ) in a consistent way, estimating them from the relation ai ( The values of the theory parameters which yield the best agreement of the theoretical results with the available experimental data for the temperature and pressure dependences of thermodynamic and dielectric characteristics of the considered crystals are given in tables 2 and 3. Further experimental pressure studies of these crystals will help us to nd more precise values of the theory parameters.
In numerical calculations we minimize the thermodynamic potential with respect to the order parameter and nd the strains " i from the three latter equa- In gure 2 we present temperature curves of the transverse static dielectric permittivity " 1 (0; T; p) of ND 4 D 2 AsO 4 at di erent values of hydrostatic pressure along with the experimental points of 9]. The experimental data correspond to a clamped crystal 9], therefore, the theoretical values of " 1 (0; T; p) were calculated with (14) . (24) , which provides a satisfactory agreement with the experimental data at temperatures far from critical. In the antiferroelectric phase " 1 (0; T; p) slightly increases with pressure.
In gure 3 we give the temperature curves of the transverse " 1 (0; T; p) and longitudinal " 3 (0; T; p) static dielectric permittivities of ND 4 D 2 PO 4 at di erent values of hydrostatic pressure along with the experimental points 31] for ambient pressure. Unfortunately, we are not aware of any experimental work, where the pressure in uence of dielecrtic characteristics of deuterated DADP was studied; therefore, the presented graphs only illustrate the plausible pressure dependences of " 1 (0; T; p) and " 3 (0; T; p). Theoretical values of the permittivities of a free crystal were calculated from (15) (24) and (27) . For " 1 (0; T; p) a fair description of experimental data is obtained, whereas for " 3 (0; T; p) an agreement with the experiment is somewhat worse. Perhaps, this agreement can be improved if one explicitly takes into account the in uence of piezoelectric strain " 6 . As one can see, the dependences of transverse static dielectric permittivities of ND 4 D 2 PO 4 and ND 4 D 2 AsO 4 on hydrostatic pressure are similar { a strong decrease in " 1 (0; T; p) in the paraelectric phase and a weak increase in the antiferroelectric phase. The pressure changes in the longitudinal permittivity are mainly the shifts to lower temperatures due to the lowering of the transition temperature. Besides, " 3 (0; T; p) slightly decreases with pressure in the both phases.
Concluding remarks
In this paper we propose a theory of strained by hydrostatic pressure antiferroelectric deuterated crystals of the ND 4 D 2 PO 4 type. It should be noted that the theory can be easily generalized to the case of uniaxial pressure p = ? 3 and other pressures which do not lower the system symmetry. In fact, for this purpose one should only change the system of equations for the lattice strains (10) . Within the four-particle cluster approximation in the short-range interactions and the mean eld approximation in the long-range interactions we derived an equation for the transition temperature and explicit expressions for dielectric characteristics of the crystals. A set of free parameters was found, providing a good agreement between the presented theory and the available experimental data. An importance of the D-site distance in the phase transition and a dielectric response of the crystals is shown. We have also shown that as an essential mechanism of the dipole moment formation in these crystals, one should take into account the processes of mutual polarization of dipole moments of unit cells.
